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Mark S. Wrighton, James L. Graff, John C, Luong, Carol L. Reichel,
and John L. Robbins
Department of Chemistry, Massachusetts Institute of Technology,
Cambridge, MA 02139 U.S.A.

Transition metal complexes that have direct metal-metal bonds
have been the objects of intense interest from the point of view of
geometric and electronic structure, synthesis and catalysis (1., 2,
3, 4). Low-lying electronic excited otates of metal-metal bonded
complexes often involve significant changes in the electron
density associated with the metal-metal bond, compared to the
ground electronicstate. Accordingly, study of the photochemistry
of metal-metal bonded complexes not only provides potential new
reaction chemistry but also provides insight into, and confirmation
of, the electronic structure. This symposium volume affords us
an opportunity to record the state of the field of metal-metal bond
photochemistry. The aim of this article is to summarize recent
research results from this laboratory and to place them in
perspective in relation to results from other laboratories.

Complexei studied in this laboratory have included low-
valent, organometallic clusters having two, three, or four
metals. A priori the photoexcit(-d complexes can be expected to
undergo any reaction that is possible, but the rate constant for
a given process will be different for each electronic state.
Whether reaction occurs with measurable yield from a given excited
state depends on the rate of the reaction relative te internal
conversion of the excited state to a lower lying excited state.
From an examination of products alone, therefore, it is not
always possible to quantitatively assess the relative reactivity
of the varlnus electronic states. But when photochemical products
differ £rom tvose obtained by thermal activation alone, profound
effects from the redistribution of electron density can be
inferred. In some cases the excited state may simply give the
same product as from thermal activation of the ground state.
However, when photoreaction occurs it should be realized that the
conversion to product occurs within the lifetime o thee'cited state.
Even the longest-Lived excited metal complexes are of the orderof
10- s (5, 6) in lifetime and the longest-lived metal-metal bonded
complex in 298 K fluid solution is of tl.e order of _10-6 a in
lifetime (7). Thus, excited state reactions of any kind must
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have large rate constants compared to those for the thermally
inert ground state species. Measuring the rate constant for a
given chemical reaction in two different electronic states is
a procedure for directly assessing the relative chemical
reactivity of the two states.

In the sections below we will describe in detail the known
photochemistry of di-, tri-, and tetranuclear metal clusters.
Results will be discussed in simple electronic structural terms.

Photochemistry of Dinuclear Complexes

a. Complexes Having Single M-M londs and Tf-d or a a
Lowest Excited States. It is apparent from the description of
the electronic structure of Mn 2 (CO)10, (8, 9), Scheme I, that
complexes having a single M-M bond could have low-lying excited
states that should be more labile than the ground state with
respect to eit...r M-ligand di.-sociation or M-M bond cleavage.
In particulat, Mn2 (CO) 1 0 and its third row analogue, Re 2 (CO) i,
exhibit low-lying excited states arising from rr-d - a* and
ob a a transitions (8, 9, 10, 11). These high symmetry

(OC) 5 M (Oc) 5 M-M(CO) 5  • M(CO) 5

d 2 2 ---------------------------------- d22
x-y --- x-y

d - - 2 d 2
dz2 4. • da

t -H- - - .- - . I

Scneme I. One-electron level diagram for I2-

Mn2 (CO)10, Re2 ( C0)O)10, W2(CO) 10 etc.
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"d 7 -d 7 1, honodinuclear dimers were the first to be subjected
to a detailed photockemical invpstigation (10, 11). Irradiation
resulting in IT-d - Y or ab -• a transitions results in clean,
quantum efficient, homolytic scission of the M-M bond to yield
reactive, 17-'ralence electron radicals, equation (1) (10, 11).

MCh' - 2M(CO) (i) z

M 2 (CO) 10 alkane -5

The generation of 17-valence elv-tron radicals is consistent
with flash irradiation of the heterodinuclear dimer MnRe(CO)io
that yields radical coupling p ducti according to equation (2)I. hv C' 22MnRe(CO) h%0 alk _,+ Mn2(CO), 0 + Re2(CO) lO(2)

(1, 12). Photogeneration of MnRe(CO)'jo from irradiation of both

Mn2(CO,'10 and Re2(CO)10 also occurs,and such cross-coupling has
become a definitive test of whether homolytic metal-meta' bond
cleavage occurs. Kinetics of recovery of ground state nn2(CO)10
absorption after flash irradiations are consistent with formation
of Mn(CO) 5 radicals from the excitation (13).

Irradiation of M2 (C0)10 in the presence of halogen donors
provides chemical evidence consistent with the quantum efficient
generation of 17-valence electron radicals (6). Chemistry
according to equation (3) occurs with a disappearance quantum

313 nm (ob - U*).
Re 2 (CO) 10 CCI 4  2Re(CO) 5 CI (3)

yield of 0.6 (10), showing that greater than half of the excited
states yield the cleavage reaction. The efficiency of homolytic
cleavage may be greater since cage escape of Re(CO)5 radicals
may be less thin unity. There is a solvent viscosity
effect on the disappearance quantum yield of M2 (CO) 1 0 in the
presence of 12,consistent with a solvent cage effect (11).

In polar solvents (pyridine, THF, alcohols, etc.) the
photochemistry of simple M-M bonded systems seeis to be different
based on the products observed (14, 15). For example, irradiation
of Mn2 (CO)10 can give Mn(CO)5-. But this chemistry very likely
originates from the 17-valence radical as the primary product.
Disproportionation of the 17-valence electron species, perhaps
after substitution at the radical stage, can account for the
apparent heterolytic cleavage. If the excited state reaction
is truly dissociative, as the evidence from cross-coupling in
alkane suggests, there should be little or no influence from
solvent.*

Population of the o orbital in M2 (CO) 1 0 should labilize the
M-CO bond, (8, 9) and such is likely the case. However, prompt
CO loss apparently does not compete with scission of the M-M
bond, Irradiation of M2 (CO)1 0 in the presence of potential
entering ligands such as PPh3 does lead to substitution (5, 6, 11),

but the principal primary photoproduct suggests a mechanism other
than dissociative loss of CO to give M2 (CO),. For example,

-%•now . . .. .. .
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irradiation of Mn2 (CO) 1 0 in the presence of PPh 3 leads to mainly
14n2(CO),(PPh 3 )2 rather than the expected Mn2 (CO) 9 PPh 3 (11).
This led to the postulated mechanism represented by equations
(4)-(6). The substitution iability of 17-valence electron radicals

hv~

S 2(CO) 10  2 .Mn(CO) (4)

2 "Mn(CO) 5 + 2PPh 3  - 2 ,Mn(CO) 4 (PPh 3 ) (5)

2 "Mn(CO)(PPh -i (CO) 3) 2  (6)

has been elegantly elaborated by T, L. Brown and his co-workers
(L6, 17, 18, 19). ,

The population of the G orbital in M2(CO) 1 0 obviously
gives rise to considerable lability of the M-M bond. The ground
state of these molecules is inext; the high quantum efficiency
for photoreaction means that virtually every excited state
produced yields radicals. The excited state cleavage rates can
be concludod to be >1010 s-, since no emission has ever been
detected from these species and the reactions cannot be quenched1.1-by energy transfer. The excited state cleavage rate of >,101 s-
is many orders of magnitude ?.arger than from the ground state
and reflects the possible consequence of a one-electron excitation.
Te question of whether both depopulation of Qb and population of
a are necessary is seemingly answered by noting that iriadiation
at the low energy tail of \*he Tr-d ÷ a absorption gives a quantum
yield nearly the same as that for qb - * excitation. However,
the relative quantum yields do not reflect the relative excited
state rate constants for reactIon. It is only safe to conclude
that either rr-d - a or ob + a results in dramatic labilization
compared to ground state reactivity and that the rate constant
is large enough in each case to compete with internal conversion
to an unreactive state. Another ambiguity is that the state
ach'.eved by a given wavelength may not be the state from which
rceaction occurs. The reactive P'.ates, for example, could be
triplet states that only give :ise to weak absorptions from theS~ground state.
-Electrochemistry aad redox chemistry provide possible ways

of assessing the consequence of one-electron depopulation or
population of orbitals. The M2 (CO•o spgcies suffer rapid M-M
cleavage upon reduction (population of a ) or oxidation
(depopulation of GOb) (20. 21). But cyclic voltammetry only
reveals that the cleavage rate from the radical anion,
M2(CO) 1 0, or radical cation, MK(CO)'ot, is >-101 s'-. This is
certvi.nly consistent buL direct measurements of the rate remain
to be done,

Comparison of the photochemistry and the thermal reactivity I
of M2(CO) 1 0 is of interest. Considerable effort has been expended

to show that thermolysis can lead to M-M bond cleavage. The"activation energy from M-M dissociation has been examined and
correlated with the position of the 0 b - o* absorption band from

I e -.
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a number of derivatives of Mn2(CO)>.o The question is: what is
the relative importance of M-ligand cleavage v.,, M-M cleavage in
the ground state? A recent report bears op. this question,
Thermal reaction of MnRe(CO)lo with PPh.J was examined (22).
The interesting finding is that the primary products do not
include Mn2 (CO) 8 (PPh 3 ) 2 which would be expected if Mn(CO) 5 were
produced in the rate limiting step (see equations (4)-(6)). Thus,
the ground state pathway for this complex appears to be mainly CO
loss, not Mn-he bond cleavage. The photoreactivity appears to be
dominated by Mn-Re bond cleavage (11). A difference in M-ligand
vs. M-M cleavage is seemingly established. The excited state
results in a relatively low barrier to M-M cleavage compared to
XM-ligand cleavage. Since the excited state reaction is so clean
and quantum efficient (vide infra) it is tempting to generalize
the specificity found for excited state M-M' cleavage in
MnRe(CO) 1 0 . But this generalization would require that the ground
state have a lower activation energy for M-ligand cleavage than
for N-M cleavage. Such is apparently not the case for certain
species such as (f-CG5 1 5) 2 Cr 2 (CO) 6 that likely exist in solution
in equilibrium with the (r-CsH5)Cr(CO)3 radical (23). The species

[(Us-allyl)Fe(CO) 3] 2 also exists in the ,onomeric form in
solution (24). Weak M-M single bonds du exist and the ground
state M-M cleavage can clearly dominate the chemistry. Light may
serve only to accelerate the observed rate.

There are now known a large number of other photosensitive
dinuclear complexes that can be formulated as having a 2-electron
sigma bond (25-29). Designation of the electronic configuration
by the dn configuration of the 17-valence electron fragment that
would be obtained by homolytic cleavage allows a convenient
cataloguing of the speies studied so far, The transition
metal-metal bonded complexes in the summary, Table I, have all
been shown to undergo efficient M-M bong hemoly sis upon Photo-
excitatlon (Li, 25-29). Examples of d -d d,-d7, d9 -d',
d5 -d', d7 -dY, an-d d--d9 are all known. All of the complexes
exhibit an optical absorption spectral feature in the near- v

or high energy visible that can bý attributed to the ob a
transition. Generally, a T-d -* 0 feature is also observable
"at lower energy than the Ob + o*, and irradiation at this

energy results in homolysis but with a somewhat lower quantum
yield. None of the complexes listed are complicated by bridging

ligands (see succeeding section) and none give significant
yields for CO loss as the primary photoprocess.

All of the M-M single bonded complexes can be formulated
within the framework suggested by Scheme II. The 17-valence
electron radicale studied all havc about the same group electro-
negativity based on the ability to predict thk vosition of the

b + T* absorption of heterodinuclear dimers, M-M' from the

Jb -0 (Y energy iti M-M and M'-M' (28). Significant ionic
contribution to the M-M' bond will likely result in a situation
where M-M' bond t leavage is heterolytic or where some other
reaction. M-ligand cleavage for example, dominates the excited

__,1
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I a-d N

ca-d

- -0

•:'•-d 1T•-d

Scheme II. General one-electron level. diagrari for M-M'
single bonded complexes.

state processes. Irradiation of the (q-C 5 H5 )M"CO) 3X (M - Mo,
W) (30), (n-CsH 5)Fe(CO) 2 X (31), or Re(CO) 5 X (32) (X - halide or
pseudohalide) yields CO extrusion; in these cases the 0b "b" *
transition is very high in energy.

Complexes that exhibit a formal two-electron sigma bond
between a transition metal and main group metal ar,-.of Interest
but have received relatively little study. Species such as
(CH 3 ) 3SnMn(CO) 5 are thermally quite rugged but are photo-
sensitive (33). Irradiation of (n-CsHs)Mo(CO) 3 SnMe 3 in the
presence of P(OPh) 3 yields CO subatitution (34). The question
of course is whether the primary photoreaction is loss of CO or
homolysis of the Sn-M bond. The complexes R3SnCo(CO)nL4-n
represent an interesting set of Sn-M bonded complexes, because
the 17-valence electron Co-fragment is of d9 configuration and
the complex has only one low-lying c orbital. For example,
Scheme III shows a simple, but very adequate, one-electron level
diagram for Ph 3 SnCo(MO) 3 L. Irradiation of this complex does
not lead to efficient formation of Co2 (CO) 6 L2 that would b-i
an expected cross-coupling product from photogenerated radicals,
Rather, CO substitution occurs with a quantum yield of -0.2 at*
366 nm (35). The lowest excited state is very likely a T--d-o
excitation and does not appear to result in sufficient Sn-M
lability to compete with Co-CO cleavage within the excited
state lifetime. The related system R3SiCo(CO) 4 likewise only
gives CO extrusion upon photoexcitation (36). In b-th of these
system& the 0 b -0 0 is likely much higher in energy than the
nt-d -, o transitions. Even if the 4- excitation is
achieved it is not clear the Sn-M or Si-M bond cleavage can
compete with M-CO cleavage rates in the excited state. It
appears that bonds between group IV elements and transition

I metal carbonyls are not efficiently cleaved compared to the
efficiency for M-CO cleavage.



L(OC) 3 Co o L(OC) 3 Co-Sn.Ph 3  SnPh 3 '

d l d 2 -2

...-- - -_.

d d
xZ, yz

Scheme Ill. One-electron level diagram for a high
symmetry d9 , 17-valence el<•ctron radical
coupled to Ph3Sn.

b. Photochemistry of Bridged, M-M Single Bonded Complexes. The
unsupported M-M single bonds, Table I, give clean rupture of the
X-14 bond upon photoexcitation. Bridged M-M bonds represent a
situation that could differ significantly since the bridging
group could prevent the dissociation of the 17-valence electron
fragments. The doubly CO-bridged Co2(CO) 8 , and (fl-CsHS) 2M2 (CO)4
(M - Fe, Ru) species have been examined. Of these, the most
interesting is (n-C5Hs)2Ru2(CO)4 which exists as a non-bridged
or bridged species, equation (7), in solution at 298 K. The

Ru- Ru ____R-R -. ,(7)

ratio of the two forms depends on the solvent with alkane solvents
giving approximately a 1/1 ratio, while polar solvents such as
CH 3 CN give nearly 100% of the bridged form (37, 38). The 366 nmn
quantum yield for reaction according to equation (8) is

"C 0.1 14• (C) 2 (N-C 5RH)Ru(CO) 2 Cl (8)(-5H5) 2Ru2(O 4 0.1i M CCI455

solvent

IAA
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essentially the same in CH3CN and in isooctane where the fraction
of incident light absorbed by the non-bridged form changes
dramatically (38), The lack of a change in the quAntum yield
suggests that the bridged species is cleaved as efficiently as the
non-bridged species by excitation corresponding to transitions
that lead to population of the (1 orbital.

The (n-CIH5)zFe2(C0)4 is fully bridged in any solvent.
Irradiation at 298 K in the presence of CC14 accelerates the
thermal rate of formation of (n-C 5 H5)Fe(C0) 2 CI (38, 39). Light-
induced cross-coupling of (fl-C 5H 5) 2 Fe 2 (C0) 4 with the radical
precursors M2 (CO) 1 0 , (M - Mn, Re) (n-C 5 H5 ) 2 M2 (C0) 6 (M - Mo, W) is
observed (28, 40L), consistent with clean photogeneration of the
(•-CsHs)Fe(C0) 2 radical. Irradiation of (n-C 5 H5 ) 2 Fe 2 (CO)4 at low
temperature in solutions containing P(OR) 3 results in an inter-
mediate hypothesized to be a CO-bridged species that has a
ruptured Fe-Fe bond (41). This intermediate can be used to accoulnt

I" for the reactions of photoexcited (n-C 5 15 ) 2 Fe 2 (CO) 4 without
invoking the prompt photogeneratLion of free radicals. However,
the radical cross-coupling is likely best explained by the
ultimate generation of the free radicals but this may not be
required if the lifetime of the CO-bridged species not containing
the Fe-Fe bond is pufficiently long. In any event, population of
states where the a orbital is populated leads to a significantly
weakened 14-M interaction and net cleavage does occur. Prompt
CO ejection does not seem to be an important process for either

the Fe or Ru species.
The Co 2 (CO) 8 also exists as bridged and non-bridged forms in

solution (42). Irradiation of Co2 (C0) 8 and (n-C 5H5 ) 2M2 (CO) 6
(M - Mo, W) leads to the expected radicitl coupling product

(i-CsH 5)M(CO) 3Co(CO) 4  (28). But the quantum efficiency is not
known. Irradiation of Co 2 (CO) 8 at low temperature has been shown
to lead to loss of CO, equation (9), and the reaction is

C(CO) hv Co
°2(08 low temperature 2 (C0) 7 + CO (9)

matrix

wavelength dependent but quantum yields have not been reported (43).
Reaction according to equation (9) leads to the suggestion that

dissociative loss of CO can become the dominant photoreaction when
the cage effect becomes severe enough to preclude separation

of the 17-valeace electron radicals. The importance of the

bridging CO's In 298 K solutions is difficult to assess at this
time. Some of the usual chemiLal probes are unsatisfactory here

because the Co 2 (CO) 8 is labile thermally in the presence of
potential entering ligands. The Co(CO)4 radical does not seem to

react rapidly enough with CC14 to provide a reasonable measure of
the efficiency of the photogeneration of Co(CO)4 (27, 28). The
situation is further complicated by the fact that the Co(CO) 4 X
(X - Cl, Br, I) species are thermally labile, even if formed.

"I..



Intuitively, it would seem that bridging ligands would
result in significantly lower quantum yields for M-M cleavape.
Such is not found experimentally. If a retarding effet is to
be quantitated it will likely come from a direct measurement of
the excited state rate constants. Table II summarizes the
key results Lo date.

c, Photocheisistry of Dinuclear Complexes Having Multiple M-M
Bonds. The cornerstone example of strong, multiple M-M bonds
is the Re I Re quadruple bonded Re 2 C18

2 - (44). This substance
was found to suffer Re • Re bond cleLvage from an upper excited
state produced by optical excitation ia CH3CN solution,
equation (10),(45). The lowest excited state, associated with the

Rei2- hv (0Re2 Cl8 CH3 C 2ReCl 4 (CH3 CN) 2 - (0)

'5 + transition (46), is unreactive and apparently does not
disrupt the bond enough to yield cleavage. Even the upper excited
state suffers cleavage via attack of the CH3 CN as determined
from flash photolysis studies (47). The photoinduced cleavage
places an upper limit on the Re z Re bond energy, but the
energetics are obscured by the fact that reaction is not dissoci-
ative homolytic cleavage. The Pe2 CI8 2- and Re 2 Br82' were found
to be luminescent from the +64 excited state (48, 49). In the

L first report (48) describing the low temperature (1.3 K) emission
of Re 2 X8

2 • (X CI, Br) and Mo2 CI8 - the emission oi
-100ns lifetime was attributed to the triplet state, but
subsequently (49) it was reported that the complexes Re 2 X8

2 -

andMMoaClz(PR3) 4 are emissive in fluid solution at 298 K with
lifetimes in the 50-140 ns regime. The detailed study (49) led
to the crk-lusion that the emission originates from a distorted singlet
state. 2elated MoMo quadruple bonded complexes apparently do emit fiom
a triplet state at low terperature (4ý with a lifetime of -2 us for
Moa(OZCCF)4 at 1.3 K..'Te MCI ýIPi species have been found to undergo
photooxiddtion in chlorocarbon soludna (4,5_, bit like the ýhotocheridstry
for RMX 2 - (45, 4L, the reaction occurs from an upper excited state.

TheMo=Mo quadruple bonded species K4Mo2 (SOI,) 4 has beea
irradiated in aqueous sulfuric acid solution (50). The photo-
chemistry proceeds according to equation (11). The eisappearance

H4 +N+,2 (SO ) 4  - ½H2 + Mo 2(SO4 ) 4  (11)(~aq) 2 4-- 2 2

quantum yield at 254 nm was found to be 0.17, but the reaction can
also be effected with visible light. This system exemplifies the
notion that if the lifetime of the excited state is not controlled
by dissociative M-M bond cleavage, then bimolecular processes may
be possible. The Mo2 (S0 4 ) 4 4- is another example of a multiple
M-1 bond that cannot !e efficiently cleaved in a dissociative
manner. Similarly, photoexcitation of MoZX04- (X - CI, Br) in

aqueous acid results in photooxidation. Clean formation of
Mo2 Cl8 H3- can be observed. Again, rupture of the M & M quadruple
bond is not found (50).

S• _ '+•.... • .... • : • ,Y .. ......... ... + ,.• ... • I•coo•
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Racent studies of the hydrocarbon soluble complexes
rn-CSRN ) 2 Cr 2 (CO) 4 (R - H, Me) and (rj-CS 11 ) (ij-CsMe5 )Cr 2 (CO) 4
that are formulated as having a Cr Cr triple bond, (51, 52)
show that the dominant photoreaction is loss of CO according
to equation (12) (53). The tricarbonyl ,-pecies accounts for the

(ýJ-C5R5)2Cr2(CO) 11 R, hr (12)
5R 5 2 2( 4  a-k- ('I-C 5 R 5 ) 2 Cr 2 (CO) 3 +CO (12)

incorporation of 13CO upon irradiation o1 (u1 -CsR) 2 Cr 2 (CO) 4
under a 13a) atmosphere. Irradiation of
(11-C 5 116 ) (q-C5R5 )Cr 2 ((O) 4 produces no detcctable amount of
(n-CsHs) 2 Cr2 (C0)4 or (')-C.e4 •),,C,,(CU) 4 and no measurable
(1-C51•5 )(t-C 5 Mes)Cr2 (CO) 4 is termed when a 1/1 mixture of the

symmetrical species is irradiated. The negative results from thtn
attempted cross-coupling experiments rult out an important )ole
for the prompt generation of 15-valence ,lectron fragments from
photoexcitatioti of the Cr I Cr triple bonded complexes. The
quantum yield for loss of CO, equation (12), is wavelength
dependent; irradiation at the lowest absorption (,600 nm) result:i
in no reaction, but near-uv firadiation gives a quantum yield of
>10-2 (53), The wavelength dept,adence is reminiscent of C02(C0)',
In low temperature matrices where the potential fragments are
tethered by the bridging groups and the cage effects of thematrix (43).

Irradiation of the (0-C 5 1l 5 ) 2 V2 (CO) 5 , VIV double bonded
species results in loss of CO, not V=tV bond cloavage upon photo-
excitation (54). The crucial result comes from an experiment
where the (1-'CsU1)2V2(CO)-, is irradiated at -50 0 C in the presence
of PEt 2 Ph in T-F solution. The only product observed is
(Ti-C 5•li ) 2 V2 (CO) 4 PEt 2 Ph.

From the studies of the quadruple, triple, and double bonded
complexes examined thus far, it will prove difficult to photo-
chemically cleave multiple metal-metal bonds in a dissociative
fashion. Photochemical cleavage of multiple bonds is not taboo,
since the light induced cleavage of 02 and C02 is well known,
But in metal complexes it appears that other processes such as
solvent attack on the excited state, electron transfer, and ligand
"dissociation can lead to excited state deactivation bforo bond
rupture can occur. As seen in the sunmiary in Table 1l1, dissoci-
ative clavage of a multiple metal-metal bond remaills to be
accomplished, Also, upper excited state reaction is the rule in
the multiple bonded systems.

d. Photochemistry of Dinuclear M-M Bont!ed Complexes hayinj
Chaseyrantfer Lowest Excited St-tes. Complexes such ao
RC(CO) s~(C&O3(l ,10-i )I i e troline (5) anld
PhsSnRe(CO) 3(I,10-1 -henmAthroline) (7, 5_) and related cauoiix.•cin u1ka
formulated as having a M-H or W'-N single bond. Table IV
Psummarizes the known photoprocessos for such complexes. The
lowest excited state in th• complvxes hts been identified as
arising from a (N-M)ob -4 it phen charge t ransfer transition
(7, 55, 56). Importantly, the orbital of tenninatlon of the

-,NN



transition is not the o* orbital associated with the M-14 or M-11'
sigma bond. The orbital of termination is localized on the
charge acceptor ligaud and population of it is not expected to
seriously disrupt the M-14 or M-M' bonding. Consistent with this
assertion is the fact that the complexes are reversibly reducible
on the cyclic voltammetry time scale (56). However, the oxidation
of the complexes is not reversible and cyclic voltammetry shows
that M-M or M-M' cleavage occurs for the radical monocation at
a rate of >10 s-' (56).

The lowest energy electronic transition of the Re 2 (CO) 8 -
(1,10-phenanthroline) and related complexes is expected to labilize
the M-M bond in the sense that the M2 -core is "oxidized" by the
intramolecular shift in electron density. Excitation has been
shown to yield M-M bond cleavage; reaction according to
equation (13) is representative (55). The quantum yield of -0.2

Re 2 (CO) 8 (l,10-phenanthroline) y CIRe(CO) + CIRe(CO)Cci4 5

(l,10-phenanthroline) (13)

was found to be independent of the excitation wavelength from
550 unm to 313 Pm, This wavelength independent quantum yield is
consistent with reaction that originates from the (M-M)ab ÷+ -n

phen CT state that is found to yield emission (but no photo-
reaction) at low temperature. This result shows that depopulation
of an M-M core bond level labilizes the M-M bond sufficiently
to allow cleavage within the lifetime of the excited state, The
77 K emission lifetime was found to be extraordinarily long
(-95 psec), but emission was not detectable at all at 298 K where
photoreaction occurs with a quantum yield of -0.20. It is
possible that emission is not observable at 298 K because M-M
bond cleavage occurs too fast; this would indicate that the M-Mdissociation rate in the excited state significantly exceeds
105 s-1. Given that the ground state dissociation is slow
(<10-6 s-1) for these thermally inert (298 K) systems, even an
excited state rate of 105 s- reflects an increase in dissociation
rate of >lQ11 compared to the ground state. An excited state rate
of >10' s-- is consistent with the lower limit of 103 s-1
cleavage rate of the radical monocation generated in electro- ,
chemical experiments.

Study of Ph3SnRe(CO) 3 (l,lO-phenanthroline) resulted in the
first direct detei-minrvtion of the rate constant for excited
state cleavage of the M'-M bond (7, 56). The key is that this
complex is emissive from the reactive state under the conditions
where the cleavage reaction also occurs. Measurement of the
emission lifetime (1.8 x 10-6 s) and the photoreaction quantum
yield (-0.23) give a rate constant of 1.3 x 105 3-1 at 298 K for

J!
ij
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the dissociation represented by equation (14). The wavelength

5'hL-pl0_hnanthroline , Ph 3 Sn + ReCCO) 3 L (14)

! 2CH2C12/0,5 M CCI 4

independence of photoreaction quantum yields (488-313 nm) and the
ability to equally efficiently quench the lifetime, emission,
and photoreaction with anthracene confirm that the emissive
state is also the reactive state. The -10 s- excited state
cleavage rate is consistent with the lower limit of 10 3 s
from cyclic voltammetry for cleavage of the radical monocation.

The relatively long lifetime of the lowest excited state of
Ph3 $nRe(CO)3 (1, lO-phenanthroline) allows fast bimolecular
processes to compete with the cleavage of the M'-M bond (7).
For example, anthracene, having a triplet energy of -42 kcal/mol,
quenches the excited state (-50 kcal/mol) at an essentially
diffusion controlled rate by electronic energy transfer. The
excited state can also be quenched by electron transfer,
equations (15) and (16) (56). Both of these processes are

k 15 +

[Ph 3 SrnRe(CO) 3 LL + TMPD - TMPD" + [Ph 3 SnRe(CO) 3 L3 (15)

, k2 + +

[Ph3 SnRe(CO) 3L] + MV - MV" + [Ph 3SnRe(CO) 3L]' (16)

"21PD=N,N , ,N -tI.tame thfi/-phenyf/nedLf/ M•-LdimA-4,4"h~iddnium

significantly downhi.ll and the rate constants k.ý and k 1 6 are
those exected for diffusion controlled reactions. The reduction
to form h 3 SnRe(CO) 3 L]- results in no net chemical change, since
the back electron transfer is fast and the electron added to the
Re complex in equation (15) is localized on L. The excited state
oxidation though results in net chemistry, since chemistry
according to equation (17) competes with the back electron

[Ph 3 SnRe(CO) 3 LQ' + , lvnt 7 Ph 3Sn" + SRe(CO) 3 L+ (17)

transfer. The unimolecular rate constant k17 is >I03 s"! from the
electrochemistry and from the photochemistry (equation (14)) the
value of k 1 7 could be greater than 105 a-'. The one-electron
oxidants lead to production of 1.8-electron SRe(CO) 3 L+ products; +

this leads to the conclusion that the cleavage of [PhaERe(CO) 3L]"
yields Ph 3E" and Re(CO) 3 L+, not Ph 3 Sn + and .Re(CO)jL.

The experiments with the variouý -M-Re(CO) 3L species
establishes that population of the o level is not required to
achieve sufficient M-M bond lability to yield homolytic cleavage
within the lifetime of the excited state. However, when the sigma
bond order is reduced from one to approximately one-half by the
depopulation of the ab level1 the rate constant for M-M bond
cleavage appears to be only -l10 s-1. By way of contrast, M-M
bond cleavage seems to occur with a rate of >10'° a for species

L. ... . . .- i
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such as Re 2 (CO) 1 0 where the sigma bond order is reduced from one
to zero by the (b + I* excitation.

Photochemistry of Trinuclear Complexes

Table V summarizes the key photochemistry of trinuclear
metal-netal bonded complexes. The first noteworth; photochemical
study of trinuclear complexes concerns Ru 3 (CO)1 2 . This species
was found to undergo declusterification to mononuclear fragments
when irradiatud in the presence of entering ligands such as CO,
Pph•oxr, ethylene. The intriguing finding is that thermal reaction
of Ru 3 (CO) 1 2 with PPh 3 results in the substitution product
indicated in equation (18) whereas irradiation yields t.-e mono-
nuclear species given by equation (19) (57). These results

Ru 3 (CO) 1 2 P-Ah Ru3(CO) 9 (PPh 3 ) C18)

Ru (CO) h Ru(CO) 4 PPh 3 + Ru(CO) 3 (PPh 3 ) 2  (19)R3(O 12 PPh-34 -3 3

suggest that Ru-Ru bond cleavage occurs in the excited state
whereas Ru-CO dissociation occurs in the ground state. An
electronic structural study shows that the orbital of termination
for the lowest energy excited states of Ru 3 (CO) 1 2 is a * with

respect to the Ru 3-core (58). The disappearance quantum yields
for Ru 3 (CO) 1 2 , Fe 3 (CO)1 2 and Ru 3 (CO) 9 (PPh 3 ) 3 are all in the range
of 10-2 for entering groups such as CO or PPh 3 and are independent
of entering group concentration (59, 60). 'rhle ctroksctructure
is consistent with primary photoreaction as represented by

vr equation (20), and the overall low quantum yields are consistent

(20)

with efficient closurc to regenerate the metal-metal bond.
Irradiation of Ru3(CO)7.z (57, 60), Fe3(CO)12 (60), or

Ru3(CO)9(PPh3)3 (59) under CO cleanly leads to mononuclear
complexes. This fact seems to rule out dissociative loss of CO
as the dominant reaction from the excited state. If loss of CO

were the dominant process, the presence of CO would simply
retard the decomposition of the cluster. The lack of an
effect from high concentrations of entering group (1-pentene or
PPh3) on the quantum yield for photodeclusterification of
Fe3(CO)12 or Ru3(CO)12 (60) is consistent with this conclusion.

The lowest excited states of triangular trinuclear complexes,
like dinuclear complexes, can also be labile with respect to loss

a _ _ __b......

.2
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of CO as well as metal-metal bond cleavage, Irradiation of
Os 3 (CO) 1 2 unier conditions where Ru 3 (CO)1 2 is declusterified
leads to substitution of CO, equation (2L) (60, 61). This

Os3 (CO) 1 2  Ph3 + Os 3 (CO) (PPh 3 )1  (21)
3 12 PP1h3 n 33-3

n w lli 10, 9

change in photoreactixity may be due to the fact Lhat the lowest
exiited state isO -*o in the Ru3(CO) ia casc whereas it is
O* -o* in the case of 0s 3 (CO)j 2 . An alternative explanation may
be simply that the stronger Os-Oý- bouds have lower dissociation
rates while Os-CO and Ru-CO cleavage rates are similar, In any
event, there is a striking difference in the qualitative features
of M3 (CO) 12 (M = Fe, Ru) vs. Os 3 (CO) 12. Absolute photoreaction
quantum yields for any phoLoreactLion are small, but it does appear
that M-M boud cleavage dominates for M = Ru or Fe whilc M-CO
cleavage dominates for N - Os.

4 The clean photodeclusterification represented by equation (22)

2 H3 Re3 (CO)1. 2 3--+ 3 U2 Re2 (CO) 8  (22)

is a case where photoexcitatLion leading (L either Re-Re cleavage
or dissociative loss of CO could allow rationalization of the A
observed chemistry (62). The observed quantum yield of -.0.1 is
the highest observed for a triangular metal-metal bonded system.
This high quantum yield and the fact that: the Re-Re bonds aic
bridged by 11 aLouud; suggest that the dissociative loss of CO is
the likely result oC p1hoLoexcitaLion in this case.

Photolysis of the complex RCCo0(CO),Y (R - 1, CH 3) under an
H 2 atmosphere has been reported to yield declusterification with
low quantum efficiency (63). As in the case above it is not clear
whether reaction begins with M-M or M-CO bond cleavage; the
excited state should be more labile than the ground state with
respect to either process.

In contrast to the generally low quantum yields for the
triangular-M3 systems, 0s 3(CO) 12 C12 , that has only two Os-Os
bonds, undergoes photoinduc, M-HNI bond cleavage with a high
quantum yield (61). This result lends support to the assertion
that the tethered diradical center, equation (20), may be important
in giving net quantum yields that are low compared to species such
as Mn2 (CO)IO, A possible contributLion to low quantum yields for
the triangular-M3 core systems is the fact that the ono-electron
excitations promoted by optical absorption are not simply
localized labilizatioi of two of the three bonds.

Photochemistry of Tetrnnuuclear Comiplexes
Complexes having the tetrah,'drane-M,, core have six direct

M-M bonds and it isý not likely that ooe-(,lectron excitation will

result in enough bonding disruption to e-:trude mononuclear
fragments. If an M-M bond dou, cleave, -quatLion (23) , cleavage of

I.
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(23)

two other M-M bonds would be required in order to generate the
mononuclear fragment. Cleavage in the sense suggesLed by
equation (23) can seemingly occur, though, since photoreactiort
according to equation (24) has been observed (63). If

Co4 (CO) 1I) ---- 2 Co2 (CO) 8  (24)

dissociative loss of (CO occurs the presence of added CO would
seemingly only lead to back reaction with no net chemical change.
Likewise,11FeCo(CO)12 yields Co2(CO)B when Irradiated under CO (63).

The quantum yields' for these reactions are low and it is not
clear where tOe inefficiency lies: is the M-M bond cleavage
(equation (23)) a low quantum yield process or is the reformation
of the M-M so fast thit it is inefficiently trapped by CO?

Irradiation of ir4(CO) 17 in the presence of (MeCO 2 ) 2 C2
results in the retention of an Ir 4 complex but the Ir4-core in the
Ir4(CO)M(MeCO2 )2 C,}1 product is a rectangle. Such a product could
arise from either CO loss or from trapping of a photogenerated
diradicicl. As ir, the trinuclear M3 (CO) 1 2 complexes, the resul/
for the Ir4 species (1r4 retention) compared to the Co. species
(fragmentation (63)) may sigual a trend in M-M bond retention
for the third row systems where M-M bonds are expected to be
stronger.

Not surprisingly, the tetranuclear Fe 4 (CO) 4 (n-C 5 ' 4 )4 , that
has a tetrahedrane-Fe,, core with the CO's triply face bridging,
is photoinert in solution with respect to Fe-Fe or Fe-CO bond
rupture (65). In the presence of halocarbons such as CCl 4 there
is a clean photooxidation reaction, equation (25), resulting from

FeCO -) H CTTS [Fe4 )4(C) -CH 5 )4 ]+ (25)
e 4 (O 4 (- 5 5 4 -" CCl 4  [ 4  4 55)

irradiation corresponding to absorption due to a charge transfer
to solvent transitioti. Ferrocene exhibits a similar photo-
reactivity (66) ; to t.xLvnd the comparison it is noteworthy that
the potential for [fe ricenium/fe•.rocene and [Fe 4 (CO) 4 (T)-C 5 H5 )]+/0
is nearly the same (Q7) , the CTTS is at about the same energy
and intensity for a ,iven halocarbon, and the quantum yields for
photooxidation (after correction for intramolecular absorption)
are quite similar (6W) . The resilience of the Fe4 (CO' 4 (-CSI1 5 )4
with respect to light induced bond cleavage reactions allows the

4
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otservation of the photooxidation process. A similar situation
appears to exist for the quadruple bonded Mo2 (S0 4) 4 

2  and
Mo 2Cl 4 (PR 3) 4 described above (50).

Quantum inefficient ligand dissociation does appear to be
the primary chemical result from photoexcitation of
P4?.-4(CO) 12 (68). Irradiation at 436 or 366 nm in the presence
of an eatering ligand proceeds according to equation (26). The

HRu(CO) u (CO) (26)
4  4( 12 L.-P(OMe) 3, PPh 4R4 11

reaction has the same quantumi efficlency (5 + I x 10-3) for
L - P(OMe) 3 or PPh 3 and for a variation in concentration of L
from 0.01 to 0.1 M. These observations ,upport the prompt
generation of 114Ru 4 (CO)i1 from photoexcitation. The complex
undergoes substitution Lhermnally but phowoexcitation accelcikates
the rate dramatically. Photoexcitation t f 114Os 4 (CO) 12 does give
chemistry and pho oreactlon may begin w lilh dissociative loss
of CO subsequent to photoexcitation (69).

Irradiation of H4 Re4(CO)12 does not result in any significant
photoreaction (70). The lack of any Re-l<e bond cleavage may be
associated with the fact that the Re-Re bonds have multiple bond
character (71). The H4 Re.(CO)12 exhibiti" emission from the lowest

excitc-1 state. This finding promp-eO a comparl-nn of the excited
state decay of the D4 Re 4 (CO) 12. Generally, the highest energy
vibrational modes are important in non-radatLive dcecay (72), and
for metal complexes the highest energy M-1, vibrations may be most
important. The hydrogon atoms in H4Re4k('O) . are believed to be
tr.pl~y face bridging (71) with a Re 3-11 st retching frequency of
-1023 cm-1 (73). The H-Re4(CO) 12 comple> emits in hydrocarbon

solution or as the pure solid at 298 or 77 K. ThV, emission
(-14,300 cm-1) onset overlaps the absorption and thus a large
distortion of tlhe comple;, upon excitation do.es not appear to
occur. The emis,!1oi, can be quenched by tle triplet quencher
anthracene, having a triplet energy of -42 kcal/mol (74), The
lifetime is In the range 0.1 - lb tjsec depending on conditions
and is of the order of 20-30% longer for the lil subst ituted
complex. Likewise the emission quantum yields for the
D Re 4 (CO) 12 are 20-30% longer than for the lH species. lhitis,
replacing IlI by 211 in IllRe 4 (C0) 12 has the expected effect of
reducing the rate of non-radiatLive decay. But the effect does
not lead to a situation where the excited decay Is dominated by
the radiative dec..y rate.

The studies of the tetrahiedranc-ML clusters, Table VI, show
quite generally that the imporlance ot dissociative processes
within the excited statc ifetinie is low. Clean, but low quantum
yield, photoreactions are detect!blve In some cases. The resistance
cf the complexes to declusterificat ion may be exploited to study
nnd utilize bimoleoular processes, atid in the 'ase of the
'I 4Re4(C0) 12 the reactions and non chemical , non-radiatlve decay

are sufficlently low that the excited stIte lifetime allows
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rp,,iative decay to be observed. Such long-lived excited states
may allow the development of a bimolecular excited state chemistry

of such species.
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IL
Table IV. Primary Excited State Processs of

SMRe(CO) 3 (l,l0-phenanthrolin,!) (7, 55, 56)

* Complex Pho .oprocess

Re(CO)sRe(CO) 3 (l,lO-phenanthroline) Emit;sion at 77 K

Re-Ile Bond Dissociation at
i98 K

Ph3E~e(CO)3(l,10-pheiianthroline) Emis;sion at 298 or 77 K

(E - Sn, Ge) E-Re Bond Dissociation

Electronic Energy Transfer

Electron Transfer

Table V. Photochemistry of Trinuclear M-M Bonded Complexes.

Complex Primary Photoreaction (Ref.)

M 3 (CO)12 (M Fe, Ru) M-M Cleavage is likely dominant
(57,59,6_0) (low overall quantum

yield).

Ru3 CO) 9 (PPh 3) 3  Ru-Ru Bond Cleavage (59) (low
overall quantum yield).

L Os3 (CO) 12 Dissociative loss of CO (60,61)
0 O(low quantum yield),

Os3(CO)1 2C12  Os-Os Bond Cleavage; Linear

Structure; High Quantum Yields (61)

1it43 (CO) (M = Mn, Re) CO loss or M-M Bond Cleavage (62)

RCCo 3 (CO) 9 (R - CH3 , H) CO loss Co-Co Bond Cleavage (6•3

i~I:

i_



Table VI. Photochemi!ýtry of Tetranuclear Complexea,

Complex Photoprocess (Ref.)

Co4 (CO)12  Likely Co-Co Bond Cleavage; Co2 (CO) 8

formed under CO (63)

{FeCo2(CO)2 Primary process likely M-M Bond Cleavage (63)

Fe 4 (CO) 4 (n-C 5 H5 ) 4  Inert in Hydrocarbon; Photooxidation via
CTTS in Halocarbon (65)

Ir 4 (C0) 1 2  Derivative with Ir 4 unit retained canbe formed (64)

H14 Ru 4 (CO) 1 2  Loss of CO; Low Quantum yield (68)

H 4OS4(CO)I2 loss of CO (69)

H 4Re 4(CO)2 Photoinert; Emits at 298 or 77 K (70)

!AI AI
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